PTU and its analogues effectively suppress melanogenesis by inhibiting tyrosinase activity as Cu-chelators (3, 16); they also inhibit acetylcholine esterase activity (12), alter dynein ATPase activity as an SH-reagent (4) and induce pulmonary oedema (29). In addition to these different biological activities, Eguchi and his colleagues found that PTU effectively accelerates the transdifferentiation of retinal PECs from chick embryos (7, 8, 9, 19) . It is still not clear, however, what activity of this substance is basically responsible for the enhancement of transdifferentiation in PECs in vitro. In the process of analyzing the mechanism of the transdifferentiation of PECs in vitro, we discovered an as yet unreported PTU activity : 0.5 mM PTU stimulated the uptake of exogenous Cu by PECs and enhanced the cytotoxic effect of Cu about 40-fold.
PTU and its analogues effectively suppress melanogenesis by inhibiting tyrosinase activity as Cu-chelators (3, 16) ; they also inhibit acetylcholine esterase activity (12), alter dynein ATPase activity as an SH-reagent (4) and induce pulmonary oedema (29) . In addition to these different biological activities, Eguchi and his colleagues found that PTU effectively accelerates the transdifferentiation of retinal PECs from chick embryos (7, 8, 9, 19) . It is still not clear, however, what activity of this substance is basically responsible for the enhancement of transdifferentiation in PECs in vitro. In the process of analyzing the mechanism of the transdifferentiation of PECs in vitro, we discovered an as yet unreported PTU activity : 0.5 mM PTU stimulated the uptake of exogenous Cu by PECs and enhanced the cytotoxic effect of Cu about 40-fold.
The study reported here was made to characterize this new activity of PTU and its analogues as a means to determining the mechanisms of PTU effects on the various biological phenomena cited above and to investigating the toxic effect of Cu on cells. 
RESULTS
Morphological changes in PECs. Cell sheets of primary cultured PECs were treated with 0.5 mM PTU and 0.1 mM CuCl2. Before chemical treatment, the cell sheets spread normally as monolayers which were in close contact and the pigment granules of the cells were dispersed throughout the cytoplasm of each cell in the cell sheets (Fig. I a) . One hour after treatment gaps had developed in the cell sheets and the pigment granules in each cell were concentrated near the nuclei (Fig. 1 b) . Two hours after treatment, cells had become spherical with blebs attached to their surfaces , and the cell sheets had been completely decomposed (Fig. 1c) . Four hours after treatment, cells were completely lysed (Fig. 1d) .
In contrast, PECs in the control cultures, as well as in cultures with 0.5 mM PTU alone, showed no significant changes for at least 24 h (Fig. 1 e) . The cell sheets in cultures treated with 0.1 mM CuCl2 remained intact for at least 4 h (Fig. lf) , but were somewhat damaged thereafter. Some cells in these cell sheets were lysed within 24 h.
Dependency of PEC viability on the Cu and PTU concentrations. The viability of PECs in vitro in the presence of Cu and PTU was surveyed at various concentrations of these two substances (Fig. 2) . Exogenous CuCl2 at a concentration higher than 0.5 mM produced obvious toxic effects in the absence of PTU, but at a lower concentration a low cell density culture of PEC could be sustained for at least 24 h. Although 20 ,u,M PTU did not enhance the toxic effect of Cu, PTU at a concentration of more than 0.1 mM markedly amplified the cytotoxic effect of Cu. This effect of PTU increased proportionally with the concentration. In the presence of 1 .0 mM PTU, the LD50 of CuCl2 was only 3.16 ,uM. The ability of CuCl2 to lyse PECs was amplified about 10-fold, by the addition of 0.1 mM PTU, 40-fold by 0.5 mM PTU and 300-fold by 1.0 mM PTU.
Effects of other thioureas on Cu cytotoxicity. Four different thioureas were tested (Table 1) . Of these, ANTU had the strongest effect ; 0.25 mM amplified the cytotoxic effect of CuCl2 about 600-fold. TU and MTU were effective only at concentrations higher than that of PTU. Amplification of 30-fold was scored for 4 mM TU and only 10-fold for 4 mM MTU.
Effects of various divalent cations on PTU cytotoxic-enhancing activity . PTU is a known Cu-chelator ; therefore, we investigated whether the cytotoxic-enhancing effect of PTU is specific to Cu. The other divalent cations (shown in Table 2 ) , Zn, Co and Mn, caused cytolysis at each concentration tested. The addition of 0.5 mM PTU , however, markedly enhanced the cytolysis induced by Cu, but not the cytolysis induced by these other divalent cations. Thus, amplification of the cytotoxic effect by PTU seems to be specific to Cu.
Differences in Cu and PTU effects among cell lines. The following established cell lines were tested ; N-18 and N-115 (mouse neuroblastoma cell lines), KB (human 
DISCUSSION
We here have demonstrated that the cytotoxic effect of Cu on PECs was enhanced 300-fold by PTU at a concentration of 1 mM. Similar data were obtained from measurements of the viability of PECs and of the efficiency of colony formation by KB cells in the presence of both PTU and CuCl2. Different cell lines (N-18, N-115 and B-16 cells) responded to PTU and CuCl2 in the same way as PECs and K B cells responded. Cells were lysed within short periods in proportion to the increases in the concentrations of PTU and CuCl2. Enhancement of the cytotoxic effect of Cu by PTU was specific to Cu; PTU did not markedly enhance the toxic effect of the other divalent cations tested. These results are evidence that PTU enhances the cytotoxic effect of Cu regardless of cell type and that the target of PTU and Cu is a common component of cells that is not specific to a particular cell type.
PTU and its analogues are known Cu-chelators. They inhibit tyrosinase activity by combining with the Cu required for this enzymatic reaction and by other unknown mechanisms (3, 16) ; therefore, they may also inhibit the activities of other enzymes that require Cu as a cofactor. But, the inhibitory effects were never enhanced by the addition of exogenous Cu; for this reason, the effects of PTU and its analogues on enzymes that require Cu do not seem to be involved with cytotoxic activity.
The effects of Cu have been widely studied in red blood cells (1, 20) , rat hepatocytes (28), frog skin (10), and marine flagellates (15, 25, 26) . In several of these studies Cu has been suggested to affect the cell membrane. Cu2+ oxidizes sulfhydryl groups (20), forms intermolecular disulfide bonds in membrane proteins (22) , reduces membrane flexibility, and causes acute anemia (1). Sulfhydryl-oxidizing reagents increase cation permeability in red blood cells (11, 27, 29) and also in squid axons (18) .
In our study, the addition of 0.5 mM PTU increased 64Cu uptake into PECs about 6-fold the value for the control. Most of the incorporated radioactivity was maintained even after 5 min of incubation with a washing medium containing cold CuCl2. Some 
